Abstract-New rocket designs are being adopted to increase the performance of the current satellite launch vehicles (SLVs). But, the aerospike (or plug) nozzle concept that has been under development since the 1950s is yet to be utilized on a launch platform. Due to its ability to adjust the environment by altering the outer jet boundary, the aerospike nozzle delivers better performance compared to present day bell nozzle. An aerospike nozzle is designed for 20 bar pressure ratio. In order to improve the performance of the aerospike nozzle for various conditions, optimization of the nozzle was carried out for some important design parameters and their performances were studied for cold flow conditions. Initially a model of an aerospike nozzle is created for certain parameters, then the optimization process is carried out for the nozzle ( 
I. INTRODUCTION A. Need for new design
In present day, only bell nozzles are used for launch activities. But, these bell nozzles have a major drawback of decreasing in efficiency as altitude increases. This is due to a phenomenon causing loss of thrust in the nozzle at higher altitudes called as separation of the combustion gases.
A portion of the exit flow directed away from the nozzle axis, results in a radial component of momentum which in turn causes Geometric loss. By calculating the momentum deficit in the boundary wall layer, the viscous drag force is obtained. The efficiency of nozzle with viscous drag is defined as: Also, the rapidly accelerating flow does not permit the gases to reach full chemical equilibrium resulting in Chemical kinetics loss.
The efficiency of nozzle with Chemical kinetic loss is defined as:
The overall nozzle efficiency is then given by the combined effects of geometric loss, viscous drag and chemical kinetics:
where η-efficiency, Cf -drag force. For a desired altitude to get maximum efficiency and thrust, the conventional bell nozzle having fixed area ratio, where the exit pressure matches with ambient would be feasible. At subordinate altitudes where ambient pressure is higher than the exhaust pressure, the air pushes the exhaust air inner thereby causing separation of flow at the boundary of nozzle thereby lowering the thrust and efficiency. This is known as overexpansion. Under expansion happens at higher altitudes where ambient pressure is lower than exit pressure. Ambient air causes exhaust to flow past the nozzle exit. [1] There is a loss in thrust due to the expansion occurring outside the nozzle. The concept of ideal nozzle is implemented to overcome the efficiency loss due to both overexpansion and under expansion.
Altitude compensation is the phenomenon of producing optimum amount of thrust generated by a rocket nozzle in offdesign condition. To bring the concept of Single stage to Orbit (SSTO) alive nozzles with altitude compensation features has to be implemented. Cost reduction can be carried out by eliminating hardware replacement in expendable launch systems by using SSTO. Rocketdyne in 1950s designed aerospike nozzles which is the most popular till date. [2] Though the aero-spike nozzle has many benefits such as, uniform load distribution, simple gas dynamic configuration, and flexible structure combinations, the actual development of an aerospike is restraint due to aerodynamic and structural design considerations [3] . The nozzle plume shape varies with the back-pressure conditions where the conventional thrust equations fail to predict the thrust [4] . Performance validation is not yet done, although experiments are being done around the world [5] .
B. Working Principle of Aerospike nozzle:
The function of a nozzle is to accelerate all gases, generated in the combustion chamber of the engine, out of the nozzle. The increasing effective area ratio of the nozzle with the decreasing ambient pressure is the key feature of the aerospike engine. Because of its specific design capability of maintaining aerodynamic efficiency as altitude increases an aerospike nozzle is also referred to as an altitudecompensating nozzle. At the outer cowl lip, the gas expands to the atmospheric pressure immediately causing serious expansion waves propagating inward at an angle through the gas stream. The gas pressure is equal to the atmospheric pressure where the last expansion wave intercepts the spike. At the design altitude of the nozzle, the exhaust will follow a path parallel to the centreline to the exit plane flow at the chamber exit lip. Therefore, the expansion ratio for a fulllength spike at design altitude is the ratio of the chamber exit lip area to the throat area. As the ambient pressure decreases, the hot gas/ambient air boundary expands outward changing the pressure distribution along the spike; as a result, the expansion ratio increases. As the ambient pressure increases (low altitudes), the higher ambient pressure compresses the hot gas/ambient air boundary closer to the spike resulting in an expansion ratio decrease. The pressure distribution change along the spike and the location of the hot gas/ambient air boundary is automatic thus permitting altitude compensation up to the design altitude of the nozzle. Above the design altitude of the nozzle, the pressure distribution along the nozzle wall is constant. The expansion of the flow exiting the combustion chamber is governed by the Prandtl-Meyer turning angle at the throat. 
. Exhaust Flow along a truncated Aerospike Nozzle
According to the aerospike nozzle numerical analyses the results of the altitude compensation capabilities of an aerospike up to the design altitude are undeniable. Furthermore, the aerospike performs worse at high altitudes compared to bell nozzles with equal expansion ratios (exit area divided by throat area); therefore, to get the benefit of the aerospike, the design pressure ratio and the expansion ratio should be chosen as high as possible.
II. DESIGN AND ANALYSIS OF PLUG NOZZLE

A. Plug Nozzle Contour Design:
Here, Simple approximation method is chosen to design spike contour. In this method, a series of centered isentropic expansion waves is assumed occurring at cowl lip of the spike nozzle. By above method, the annular spike contour for a given pressure ratio, ratio of specific heats and throat area can be found. Mach number -area ratio relation is same as that given for isentropic expansion of a unidimensional flow through a conduit of varying area. The axial and radial co-ordinates of the spike contour were found using a FORTRAN program. Thus, the perfect shape of the spike is obtained, to satisfy the given statement.
B. Computational Domain Creation:
The computational domain of the annular Aerospike nozzle modeled in Gambit. Boundary conditions are imposed in this Computational domain. The distance from the tip of the plug to the end of the imaginary boundary is 10 and 5 times of the nozzle outer diameter with respect to X and Y axis. The nozzle geometry and flow is axisymmetric, so upper half of the nozzle only designed for flow analysis and thus reduce the computational time. Quad-map meshing element is used to mesh the entire domain with spacing 0.015 to .2. The intensity of the grid is more near the wall and the regions where the gradients are high. The grid independency study was carried out and it was found that a minimum of 27000 nodes were needed. The total numbers of nodes on the domain are 27998 and elements are 27396. CFD analysis made by using FLUENT 6.3 to solve the N-S Equations Air is used as the fluid medium. The material property of the gas is ideal gas. Since, the Mach No > 0.3, The ambient conditions are supposed at the far field Boundary conditions. The analysis was done on the nozzle for NPR of 8. Density based Spalart-Allmaras viscous model was used. 
D. Optimization Studies:
The wake formation at the end of the plug is studied. The formation of wake at the surface of the nozzle may affect the thrust production of the nozzle. To overcome this problem, the various optimized models of the same aerospike nozzle is designed. Various models were considered & compared. The Performance of Full length & optimized models were compared.
E. Truncated model:
In the effect of truncation criteria, the truncated models of 10%,20%,40%,60% & the point on the axial length were the Mach No starts to decrease are designed and analyzed for the same flow conditions specified above. The table below shows the highest Mach no attained on truncated models: 
F. Base bleed model:
In the truncated model, the formation of wake on the base of the nozzle creates pressure drops which cause reduction in its thrust producing capability. So, by providing additional flow through the nozzle to its base will reduce the wake formation. For the additional flow a hole has created in the nozzle's solid part from the pressure inlet portion to the base of the nozzle. The only drawback of this model is, it requires excess amount of mass flow rate for base bleed operation. The table below shows the highest Mach no attained on truncated models: Fig. 14. shows typical Mach No plots of Experimental result of the full spike model and FLUENT generated graphs of 100% and 40% truncated and 40% base bleed aerospike nozzles whose desired exit Mach number is 2.601. The maximum Mach number attained of full length aerospike nozzle is 3.82 and 40% truncated aerospike nozzle exit Mach number is 3.54 and the 40% truncated base bleed aerospike nozzle exit Mach number is 4.47.
III. RESULTS AND DISCUSSION
A. Mach No Plots:
Though the variation between desired exit Mach number and simulated exit Mach number is larger than expected, it is visible that the code is still relatively valid. For a better accurate design and to obtain the desired exit Mach number, further adjustment and refinement should be done. It seems that the dynamic pressure over the ramp up to truncated portion is having same value. The sudden decrement in dynamic pressure in 40% nozzle is due to the wake formation on the base and it was rectified by the 40% base bleed model.
B. Contours of Pressure:
CONCLUSION
The procedure to design an aerospike nozzle and design parameters that governs the aerospike nozzle design is discussed here. The designed value of the exit velocity (Mach No 2.5) is achieved with only 2.3% of error. The exit velocity of the air from FLUENT calculation is 2.44.
A comparison between the results of experimental and computational analysis of aerospike nozzle and also the performance of a full-length aerospike nozzle, a nozzle truncated at 60% of the full nozzle length& the same with the base bleed effect were done. For a single flow and boundary condition, the maximum Mach No attained at the end of the 40% truncated & Base bleed spike nozzle is 3.54 & 4.47 respectively.
i) The 60% truncated nozzle produces only a 10.8% lesser thrust than the full-length nozzle. But it reduces nearly 23% of the weight of the full-length nozzle. The performance of the truncated nozzle will be more effective at higher altitudes. Since, the length of the nozzle is very less than the full-length nozzle, it produces considerable amount of performance. These findings ensure that the aerospike nozzle is more attractive than a heavier nozzle due to its lighter weight and equal performance.
ii) On the other side, the 40% truncated base bleed produces 14.35% more thrust than the full-length nozzle and it also reduces around 29% of the weight of the full-length nozzle.
But the only constraints of the base bleeding models are its additional mass flow rate. These nozzles need more mass flow rate for their base bleed flow. We can use the base bleed models for high speed rocket engine applications. The diameter of the base bleed model can be modified based on the speed requirement. The diameter changes can be done only in ascending order. Experiments can be done for the optimization models and compared with the FLUENT results.
